Abstract Many reports have shown that the composition of the bacterioplankton community can serve as a biological indicator to evaluate the occurrence of shrimp diseases. However, the distribution, diversity, and function of planktonic actinobacteria in shrimp ponds are still poorly understood. In this study, a prototype of a 16S rRNA gene-based taxonomic microarray was developed and evaluated for monitoring of planktonic actinobacteria in shrimp ponds. The prototype microarray is composed of 30 probes that target ten dominant families of planktonic actinobacteria found in shrimp ponds. The specificity of the actinobacterial microarray was validated by a set of control hybridizations with 16S rRNA genes clones. The prototype microarray was subsequently tested with two seawater samples from ponds with diseased shrimp populations (PDS) and ponds with healthy shrimp populations (PHS). The actinobacteria hybridization profiles revealed a lower abundance of Microbacteriaceae and a higher abundance of Mycobacteriaceae in PDS than in PHS. The changes in planktonic actinobacterial communities were validated by pyrosequencing data. These results support the utility of the microarray for monitoring planktonic actinobacteria in shrimp ponds and aquaculture environments.
Introduction
Predicting the occurrence of shrimp disease outbreaks in aquaculture farms can be of considerable value to the long-term sustainable development of the industry (Leung and Tran 2000) . Monitoring multiple geochemical factors has been widely employed to generate water quality indices for disease forecasting (Ferreira et al. 2011; Ma et al. 2012) . However, in practice, it is generally difficult to set a threshold value for a specific abiotic parameter to evaluate the disease risk precisely (Xiong et al. 2014b ). Thus, the application of only traditional physicochemical variables to assess shrimp health status may be inadequate (Rao et al. 2000) . Recently, a number of studies have revealed that the bacterioplankton community can serve as a biological indicator to evaluate the occurrence of shrimp diseases (Xiong et al. 2014b; Zhang et al. 2014 ). Actinobacteria, which are a prolific source of secondary metabolites with antibacterial, immunosuppressive, and antitumor activity (Becerril-Espinosa et al. 2013) , are widely distributed in aquatic environments, where they play important roles (Subramani and Aalbersberg 2012; Ward and Bora 2006) . However, the distribution, diversity, and function of planktonic actinobacteria in shrimp ponds are still poorly understood.
Bacterioplankton communities can be estimated easily and rapidly using techniques, such as highthroughput sequencing and phylogenetic microarray (phylochip; Ma et al. 2016; Zhang et al. 2013) . However, data analysis of high-throughput sequencing techniques requires highly trained specialists, which has restricted its application in large-scale biomonitoring efforts (Seong Woon et al. 2010) . Less expensive and simple analyses using phylochips make this a powerful method for routine monitoring of selected target sequences using hundreds of samples on a large scale (Seong Woon et al. 2010) . The most common target of the phylochip is the 16S rRNA gene because of its ubiquity in the prokaryotic kingdom and its large presence in databases, which enables access to almost all bacteria by PCR (Bruce et al. 1992; Woese 1987) . Although a few oligonucleotide microarrays based on the 16S rRNA gene have been developed for monitoring bacteria in aquatic environments (Bianca et al. 2004; Desantis et al. 2007; Jörg et al. 2004) , the full-scale application of microarray technology for aquaculture environmental monitoring is scarce. This is in part because bacterial communities in the aquatic environments are distinct from those in aquaculture environments (Xiong et al. 2015) .
This study was conducted to develop a prototype 16S rRNA gene-based microarray for monitoring planktonic actinobacteria in shrimp ponds. To accomplish this, 30 probes (30 nt) targeting ten dominant families of planktonic actinobacteria in shrimp ponds were designed. This prototype microarray was validated using 16S rRNA gene clones and tested with seawater samples from shrimp ponds. The results were compared to those obtained from the pyrosequencing of the same samples.
Materials and methods

DNA samples
Six 16S rRNA gene clones belonging to different families of actinobacteria were collected from marine environments (Table 1) . All sequences were then sequenced and submitted to the NCBI database. Plasmid DNA was extracted from the clones using the Axygen Plasmid Miniprep Kit (Axygen, Hangzhou, China).
On the sampling day, approximately 1 L of seawater samples was collected from ponds with diseased shrimp populations (PDS) and ponds with healthy shrimp populations (PHS) located in Zhanqi, Ningbo, eastern China (29°32 0 N, 121°31 0 E; Zhang et al. 2014) . After pre-filtering through nylon mesh (100 lm pore size) and 0.2 lm polycarbonate membrane (Millipore), water genomic DNA was extracted using a Power Soil Ò DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the manufacturer's protocols. DNA was quantified with a NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and stored at -80°C until amplification. (Zhang et al. 2008 ) and the universal bacterial primers 27F/1492R (Tanner et al. 1999 ) were used to amplify 16S rRNA genes from clones and seawater samples, respectively. The PCR reaction mixture (total volume 25 lL) contained 12.5 lL of Green PCR Master Mix (29) (Thermo Fisher Scientific, Shanghai, China), 1 lL of each primer (2.5 lM), 1 lL of genomic DNA or 16S rRNA gene clone (*20 ng), and 9.5 ll of ddH 2 O. PCR consisted of denaturation at 94°C for 3 min, followed by 30 cycles of 1 min denaturation at 94°C, 1 min annealing at 55°C, 1 min elongation at 72°C, and a final elongation step of 10 min at 72°C. PCR products (5 lL) were denatured with 3 lL of random primers Cy3-NNN NNN NNN (Sangon BioTech, Shanghai, China) and 9 lL of ddH 2 O at 95°C for 3 min, then treated with an ice bath for 3 min. Next, 2.5 lL 5 9 Klenow Buffer, 2.5 lL NTP (2.5 mM), and 1 lL Klenow enzyme (NEB, Beijing, China) were added to the mixture, followed by incubation at 37°C for 90 min and 70°C for 10 min (Schenk et al. 2000) .
Oligonucleotide probe design and microarray manufacturing
The phylogenetic software package ARB (http://www.arb-home.de) under Ubuntu with the ARB 16S rRNA database (ssu_jan04_corr_opt.arb) was used to design probes (Ludwig et al. 2004) . The parameters of the probe design function were set as follows: 30 nt, 40 \ GC% \ 60, position 1-10 000 in E. coli, max target out of group of 0, min group = 10-50%. All probes were tested with the probe match function of ARB against the total ARB 16S rRNA database. The best probes, which had a weighted mismatch (WMM) value of \2 with the targeted taxon and [2 with non-targets, were selected from the probe results window. The predicted melting temperature Tm (according to the nearest neighbor method) was calculated using Oligo7 (Molecular Biology Insights, West Cascade, CO, USA) with the default settings. The probes were chosen preferably when they had the same melting temperature (Tm), no hairpin, and a stable homoduplex. The specificity of the probes was then checked using BLAST searches of the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast. cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome). Probes having higher similarity ([90%) with the non-target group were removed from the probe set.
Probes were designed to target planktonic actinobacteria at the family level based on their predictive accuracy (Xiong et al. 2014b) . Of the 42 families recognized in actinobacteria, the probes targeted ten families (Acidimicrobiaceae, Iamiaceae, Mycobacteriaceae, Cellulomonadaceae, Intrasporangiaceae, Microbacteriaceae, Micrococcaceae, Nocardioidaceae, Propionibacteriaceae, and Nitriliruptoraceae) shown to be dominant in shrimp ponds in the previous studies (Xiong et al. 2014a) . Three probes targeted the same family, complementing several unique regions of the 16S rRNA gene (Loy et al. 2002) .
Probes were synthesized (Sangon BioTech, Shanghai, China) with a 5 0 C6-NH 2 group for covalent attachment onto aldehyde slides AL (CapitalBio, Beijing, China), then spotted onto slides using a SmartArrayer 48 (CapitalBio, Beijing, China).
Hybridization protocols
The labeled DNA (15 lL) was mixed with 5 lL of hybridization buffer (59 SSC, 0.02% SDS, 5% formamide), denatured for 5 min at 95°C, and immediately placed on ice. The slides were then placed in a hybridization chamber (CapitalBio, Beijing, China) and covered with a Hybri-slip (CapitalBio, Beijing, China). The labeled DNA was transferred onto the slide through holes in the Hybri-slip. Hybridization was conducted at 50°C for 2 h, after which the slides were immediately washed by shaking in 29 SSC containing 0.02% SDS at 50°C for 4 min, fresh 0.29 SSC at 50°C for 4 min and 95% ethanol at room temperature for 4 min, successively. Finally, the slides were quickly dried by centrifugation at 1500 rpm for 4 min (Sanguin et al. 2006) .
Scanning and data analysis
The slides were scanned at 532 nm at a resolution of 10 lm using a NimbleGen MS200 scanner (Roche NimbleGen). Images were analyzed with the GenePix 4.01 software (Axon, Union City, CA, USA). The spot quality was visually checked, and spots of poor quality were excluded from further analyses. A given spot was considered to provide strong positive hybridization if the spot pixels had an intensity two times higher than the median pixel intensity of the local background plus twice the standard deviation of the local background. A given probe was only considered to be truly hybridized when at least three of four replicate spots provided a strong positive hybridization (Sanguin et al. 2006) . The pixel intensity of positive hybridization was then normalized relative to a mean hybridization signal observed from the set of positive control (PC) probes to provide the best array-to-array consistency, because PC probes were universal for every hybridized PCR amplicon (Liles et al. 2010 ).
Pyrosequencing analysis
An aliquot (50 ng) of DNA from seawater samples (PDS and PHS) was used as the template for amplification. The V1-V3 hyper variable region of bacterial 16S rRNA genes was amplified using the primer set 27F and 519R (Xiong et al. 2014a ). The bacterial 16S rRNA gene products were sequencing using a Roche FLX 454 pyrosequencing machine (Roche Diagnostics Corporation, Branford, CT, USA). The sequencing reads were analyzed by the Quantitative Insights Into Microbial Ecology (QIIMEv1.5.0) workflow (Caporaso et al. 2010; Zhang et al. 2014) .
Results and discussion
Probe design and microarray format Probes can be designed at various taxonomic levels quickly and easily with the ARB software using 16S rRNA gene databases (Ludwig et al. 2004) . In this study, probes were designed to target planktonic actinobacteria at the family level, as previous work showed that the bacterioplankton communities had a higher predictive accuracy of shrimp health and disease at family level than other taxa (Xiong et al. 2014b) .
The specificity and sensitivity of probes varying from length among 9 and 70 nucleotides (nt) were evaluated. Short probes (25 nt) were significantly more specific than longer ones (35 nt), but the latter were more sensitive. Probes with a length of 30 nt are often selected as the best compromise between required specificity and sensitivity (Relogio et al. 2002) . To maintain homogenous hybridization conditions, probes with identical melting temperatures and GC content should be selected (Sanguin et al. 2006) . When these requirements could not be met, probes with suboptimal conditions were accepted to provide adequate phylogenetic coverage. Finally, 30 probes targeting ten families of actinobacteria were designed. The probes were 29-31 nucleotides long (80% of the probes were 30 nucleotides long), with a G ? C content between 48.3 and 65.5% (average 57.2%). The melting temperature was between 72.8 and 83.3°C (90% of probes fell within the 80 ± 5°C temperature ranges; Table 2 ). As hybridizations can occur even in case of non-perfect matches (Kyselková et al. 2008; Loy et al. 2002) , the specificity of probes was assessed using both Probe Match and BLAST.
A schematic diagram of the probe positions on the microarray is presented in Fig. 1 . One probe has spotted as a positive hybridization control (PC), one as a negative hybridization control (NC), and one as a printing control (CK). PC targeted the V3 region of the 16S rRNA gene. The 30 polyT corresponding to the sequences not amplified during PCR was spotted as NC, and the 30 polyT labeled by HEX was spotted as CK. Each probe was printed in quadruplicate. The basic probe pattern on the microarrays consisted of two PC, six NC, and four CK, which could be used as the position reference and landmarks for image analysis. The 5 0 end of each oligonucleotide probe was tailed with ten dTTP molecules (T-spacer) to increase the on-chip accessibility of spotted probes to target DNA.
Validation of probe set with pure cultures
The specificity of the individual probe was evaluated with six clones belonging to six families, respectively. Highly specific signals were observed, and all targets could be clearly differentiated by the signal patterns obtained (Fig. 2) . Each of the expected-positive groups produced a hybridization signal with each of the positive control rRNAs. None of these probes showed false-negative or false-positive signals.
The full-scale application of 16S rRNA-based taxonomic microarray relies on a highly specific probe set (He et al. 2004 ). Identifications can be made with a high degree of confidence using an intelligent combination of several probes (Loy et al. 2005) . Three probes that targeted separate signature sites of one family were constructed in our study. If they bound to the same colonies, or to the same fragment or fraction of DNA, the possibility of false positives is virtually eliminated. For example, in the hybridization results, two of three probes of Iamiaceae (ID 5 and ID 6) and Microbacteriaceae (ID 16 and ID 17) produced hybridization signals upon hybridization with clone C2 and clone C5, respectively (Fig. 2) . The differences in the hybridization signals for expected-positive features between different rRNA gene sequences (e.g., clone 1 vs. clone 3) might be a consequence of different probe hybridization kinetics (Liles et al. 2010) . 
Hybridization of water samples
Two water samples from ponds with diseased shrimp populations (PDS) and ponds with healthy shrimp populations (PHS) were assessed by the actinobacterial microarray. Three of thirty probes produced hybridization signals upon hybridization with seawater samples from PHS. There was no hybridization signal produced by other probes. All three probes (ID16, ID17, and ID18) targeting Microbacteriaceae produced strong signals. ID16 (102%) generated the highest signals than others. ID 17 (51%) produced higher signals than ID 18 (8%). The hybridization patterns of the microarray indicated that Microbacteriaceae was present in PHS (Fig. 3a) . Four of the 30 probes generated signals upon hybridization with seawater samples from PDS (Fig. 3b) . There was no hybridization signal produced by other probes. Of these four probes, three (ID16, ID17, and ID18) targeted Microbacteriaceae and one (ID7) targeted to Mycobacteriaceae. The signals of ID 7, ID 16, ID 17, and ID 18 were 35, 53, 19, and 19%, respectively CK  CK  CK  CK  NC  NC  NC  NC  CK  CK  CK  CK   NC  NC  NC  NC  PC  PC  PC  PC  NC  NC  NC  NC   ID-1  ID-1  ID-1  ID-1  ID-2  ID-2  ID-2  ID-2  ID-3  ID-3  ID-3  ID-3   ID-4  ID-4  ID-4  ID-4  ID-5  ID-5  ID-5  ID-5  ID-6  ID-6  ID-6  ID-6   ID-7  ID-7  ID-7  ID-7  ID-8  ID-8  ID-8  ID-8  ID-9  ID-9  ID- the presence of Microbacteriaceae and Mycobacteriaceae in PDS. However, the signal intensity of Microbacteriaceae in PDS was much lower than that in PHS.
It was of interest to compare the results of the actinobacterial community in healthy and diseased shrimp ponds, since the composition of bacterial communities in seawater can be altered by shrimps (Sombatjinda et al. 2011) . The microarray hybridizations from seawater samples of PDS and PHS revealed some similarities, including the presence of the Microbacteriaceae. Interestingly, there was an apparent decrease in the hybridization signal for Microbacteriaceae and an apparent increase in the hybridization signal for Mycobacteriaceae in PDS compared with PHS. It should be noted that the probe hybridization signals could not be used to characterize the quantitative abundance of any group in an environmental sample due to potential kinetic differences between individual probes (Liles et al. 2010) . However, if a comparison was conducted in the same set of probes with different environmental samples, a shift in probe hybridization strength from one sample to another could indicate a real shift in bacterial relative abundance (Liles et al. 2010) . Mycobacteriaceae includes pathogens known to cause serious diseases in mammals. For example, Mycobacterium marinum was the causative agent of fish tank granuloma in humans (Rahman et al. 2014) . However, no relationships between Microbacteriaceae or Mycobacteriaceae and shrimp disease were reported. The dynamics of actinobacterial communities may serve as an indicator of the health status of the shrimp (Berry et al. 2012 ).
Pyrosequencing results of water samples
The same DNA samples obtained from PHS and PDS were analyzed by pyrosequencing (Fig. 4) . The results showed that the relative abundance of actinobacteria was 22.05% and that of Microbacteriaceae was 21.47% in PHS. Acidimicrobiaceae (0.07%), Acidimicrobiales_uncultured (0.04%), Candidatus_Microthrix (0.18%), ID1  ID2  ID3  ID4  ID5  ID6  ID7  ID8  ID9  ID10  ID11  ID12  ID13  ID14  ID15  ID16  ID17  ID18  ID19  ID20  ID21  ID22  ID23  ID24  ID25  ID26  ID27  ID28  ID29 ID1  ID2  ID3  ID4  ID5  ID6  ID7  ID8  ID9  ID10  ID11  ID12  ID13  ID14  ID15  ID16  ID17  ID18  ID19  ID20  ID21  ID22  ID23  ID24  ID25  ID26  ID27  ID28  ID29 Cellulomonadaceae (0.07%), Micrococcaceae (0.04%), Nocardioidaceae (0.02%), Propionibacteriaceae (0.02%), Pseudonocardiaceae (0.04%), and Nitriliruptoraceae (0.09%) had low-relative abundance in PHS. Overall, Microbacteriaceae accounted for 97.37% of actinobacteria and was a dominant actinobacterial family in PHS. Mycobacteriaceae was not detected in PHS. Pyrosequencing of the PCR amplicons showed that relative abundance of actinobacteria was 9.17%, while that of Microbacteriaceae and Mycobacteriaceae was 5.49% and 1.88% in PDS, respectively. Acidimicrobiaceae (0.43%), Candidatus_Microthrix (0.13%), OCS155_marine_group (0.18%), Sva0996_marine_group (0.05%), Cellulomonadaceae (0.03%), Intrasporangiaceae (0.03%), PeM15_uncultured_Actinomycetales (0.79%), PeM15_uncultured_bacterium (0.03%), Nocardioidaceae (0.05%) and AKIW543_uncultured_bac-terium (0.10%) had low-relative abundance in PDS. Microbacteriaceae (59.87% of actinobacteria), and Mycobacteriaceae (20.50% of actinobacteria) were dominant actinobacterial families in PDS.
The pyrosequencing results also indicated that Microbacteriaceae was present at high levels in both samples. The relative abundance of Microbacteriaceae was higher while that of Mycobacteriaceae was lower in PHS than in PDS. Therefore, the power of the microarray for predicting changes in actinobacterial communities in shrimp ponds was supported by the pyrosequencing analysis. Although high-throughput (or 'nextgeneration') sequencing can detect low-relative-abundance microorganisms in the environment (Andersson et al. 2010; Roesch et al. 2007) , its high cost and complex analysis hinder its large-scale application to monitoring bacterial communities (Kircher and Kelso 2010; Seong Woon et al. 2010) . The large parallel nature of phylogenetic microarray hybridizations enables rapid identification of bacterial groups and reflection of their changes in the environment (Brodie et al. 2006; Huyghe et al. 2008) . Our result showed that actinobacterial microarray can detect high-relative-abundance actinobacteria and reflect their changes in health as well as in shrimp pond conditions. These findings indicated that the actinobacterial microarray has the potential for wide application to the monitoring of changes in actinobacterial communities in aquaculture environments. Future studies will expand beyond actinobacteria to encompass a broader diversity of bacteria. Eventually, this technique may be applied to monitor many microorganisms in the aquaculture environment.
Conclusions
We developed a 16S rRNA gene-based microarray that contained 30 probes targeting 10 dominant families of planktonic actinobacteria in shrimp ponds. The specificity of probes was validated by 16S rRNA genes clones. The availability of the microarray was tested using seawater samples from shrimp ponds, and the results were validated by pyrosequencing. Overall, the results indicated that the actinobacterial microarray might be widely applicable to the monitoring of changes in planktonic actinobacterial communities in aquaculture environments.
